Abstract-
INTRODUCTION
Since graphene has been firstly fabricated by Novoselov et al. in 2004 [1] , a lot of effort has been put into finding possible ways to produce graphene and exploit its outstanding electrical, mechanical and chemical properties [2] . Meanwhile, flexible sensors have seen an increase in interest for applications in wearable devices [3] [4] [5] [6] [7] [8] . These two lines of research meet in the fabrication of porous graphene on polyimide (PI) films through laser irradiation. The material thus obtained, defined as laserinduced graphene (LIG), is constituted by conductive patterns on insulating and flexible substrates. These electrodes can be used in different applications in the micro and macro scale, e.g. for artificial throat [9] , blood analysis [10] , and energy storage [11] to name a few. Herein we investigate the resistance variation when the system undergoes thermal and mechanical external stimuli.
In the first case we want to employ LIG on Kapton as a flexible temperature sensor, that is particularly suited for applications such as health monitoring and electronic skin [12] . The detection of temperature change through resistance variation is typical of thermistors. These devices are divided in two main categories: NTC (Negative Temperature Coefficient) and PTC (Positive Temperature Coefficient). NTC thermistors are made of semiconducting materials (metal oxides) and are characterized by a decrease of the resistance, when the temperature increases, since more electrons are available in the conduction band. PTC thermistors are made of ceramic or plastic materials and exhibit an increase of resistance when the temperature increases. Although many commercially available thermistors possess excellent durability and high sensitivity, they are not biocompatible and only few flexible sensors are currently available on the market.
Concerning the flow sensor, the working principle is based on the deflection of a paddle made of PI, which is detected through a LIG conductive pattern on its top surface. Different flow rates induce different deformations that allow to measure the speed of the flow. This paddle concept with bending induced strain has previously been exploited using magnetic materials and showed promising results [13] [14] . Commercially available flow sensors use different working principles such as mechanical movement of a piston, differential pressure (Venturi meter), and thermal gradient. Piezoresistivity, the property of some materials to change their resistance when mechanically deformed, is not commonly used in macroscale flow meters, but it is widely applied in Micro Electro-Mechanical Systems (MEMS) [15] . Usually, in a microscale device the flow is measured through a piezoresistive material deposited on top of a cantilever which bends under fluid pressure. In our flow sensor the LIG acts as the piezoresistive material whereas the PI flexible substrate plays the role of the cantilever. The versatility of design, in combination with the cost-effective fabrication process, allows to obtain sensors that can be used both in micro and macro scale measurements in a wide range of flow speeds.
II. FABRICATION AND CHARACTERIZATION

A. Flow Sensor
A single-step fabrication process is employed, which allows obtaining the conductive electrodes used as piezoresistors (Fig 1A) on the flexible substrate. A commercial PI film (125 µm thick from DuPont) is used as substrate material. The PI is carbonized through direct CO2 laser writing (wavelength 10.6 µm, power 2 W, speed 16 mm/s, working distance 3 mm, 1000 pulses per inch). This thermal process has been thoroughly characterized by Lin et al. [16] and we obtained the same structure as shown by SEM and Raman spectroscopy (Fig. 2) .
The sample is then prepared with the following procedure. First, adhesive copper tape is applied on the two contact pads partially covering them; subsequently, silver paint (purchased from TED Pella, USA) is applied to connect LIG and copper, thus improving the stability of the contacts. Since the experiments are conducted with tap water, a coating is necessary to protect the LIG electrodes from the interaction with ions, which interferes with the measurement due to shunt currents (this step can be avoided if the sensor is used in nonconductive media like air). Few droplets of polydimethylsiloxane (PDMS) with ratio 10(base):1(curing agent) are poured on the center of the device and the sample is placed under vacuum for 20 min to remove air bubbles. Then the PDMS is spread on the surface through spin coating (2000 revolutions per minute for 80 seconds), obtaining a passivation layer that is cured in the oven at 80°C for one hour. The thickness of the PDMS is 20 µm (measured through profilometer).
For testing, the device is inserted into a chamber where flow is applied via a circulation pump. The measurements are performed at room temperature (22°C) and the speed of the water is controlled through the revolutions per minute (rpm) of the pump.
B. Temperature Sensor
The fabrication process of LIG on PI is the same as for the flow sensor, but PDMS coating is not used since measurements are performed in air. Moreover, the contacts are made by sputtering 100 nm of gold. The main reason for this is to maintain good electrical contact at elevated temperatures, whereas the glue of the copper tape could melt and ruin the structure of carbon compromising its conductivity (Fig 1B) .
III. RESULTS
A. Flow Sensor
First, the chamber used to test the flow sensor is filled with tap water to evaluate the insulation of the PDMS passivation layer. The resistance is measured over a day and no variation is registered. Next, the response to different water flow rates is investigated. A two-wire measurement is carried out through a KEITHLEY 2400 Source Meter with a test current of 1 mA. Due to the turbulence of the water flow the sensor vibrates around the mean value. This phenomenon leads to the noise visible in Fig. 3A , wherein the response of the device to five different flow speeds is shown.
Initially, the speed of the water is zero. Then, it is increased in four steps, which is reflected in increasing sensor resistance. Once the maximum speed is reached, the sensor is exposed again to the first flow speed. The signal returns to the value assumed before, indicating that there is no hysteresis in the sensor response. This test successfully proved the stability of the piezoresistor in fluid media, which is ensured by the PDMS coating. The data points are fit with the moving average fit, allowing to clearly see the step-like response. The flow velocity in this experiment is in the range of 1 m/s. However, the sensor concept provides many degrees of freedom, for the design to accommodate a large dynamic range or sensitivity, since it can be fabricated in different shapes, due to the small laser spot of approximately 100 µm.
B. Temperature Sensor
The response of LIG to a thermal stimulus is investigated through a Cascade Microtech summit 12000 AP probe station equipped with an ETC 200L Thermal Chuck for sample heating. The sensor is placed on the sample holder and surrounded by a metallic chamber to improve the insulation from the environment. A first measurement is acquired at room temperature. Subsequently, the thermal chuck is used to raise the temperature. Before acquiring the next measurement, the sample is left at constant temperature for one hour to ensure that the system has reached thermal equilibrium. The result is shown in Fig. 3B .
The response shows a resistance decrease with temperature, which is typical of NTC thermistors, confirming that the porous structure is mainly constituted by few layers of carbon atoms that behave like semi-metals. It is worth to mention that the response is also influenced by the different coefficient of thermal expansion of LIG and PI, making the theoretical analysis not straightforward. Raman spectrum of LIG (laser wavelength 473 nm) shows a prominent G peak related to the vibration of sp 2 carbon atoms. The D peak is activated by defects and the 2D peak is the main one in monolayer graphene [17] . 
IV. CONCLUSION
A flexible temperature sensor and a flow sensor are fabricated by the same method and on the same substrate, i.e. by laser-induced graphene electrodes on Kapton. The polyimide film serves as flexible insulating substrate while the porous carbon structure induced by laser irradiation is the sensing material. The flow sensor is based on piezoresistive properties of porous graphene and it is coated with a thin layer of PDMS to provide a wider spectrum of applications both in fluid and gaseous media. Furthermore, the fast response and the simple fabrication process make this sensor suitable for a wide range of applications. The temperature sensor shows approximately 4% decrease in resistance when the temperature is raised from 22°C to 58°C.
The results show the high versatility of the materials and fabrication process used. Size and shape can be easily optimized for different applications in micro and macro scale. Both sensors are flexible, light weight and cheap, making this concept attractive for wearable and multifunctional sensors. 
